Abbreviation Key: CDT = capacitance detection times; GLM = General Linear Model; PPC = psychrotrophic plate counts; STPP = sodium tripolyphosphate; WHC = water-holding capacity. 
INTRODUCTION
To the consumer, appearance is the major criterion for purchase selection and initial evaluation of meat quality. Other quality attributes, such as tenderness, juiciness, drip-loss, cook-loss, pH, and shelf-life are important to the consumer after purchasing the product, as well as to the processor when producing value-added meat products.
Differences in breast meat color have been attributed to the preslaughter condition and handling practices of poultry. Froning et al. (1978) and Ngoka and Froning (1982) reported darker-colored breast meat from birds that were allowed to struggle freely during slaughter when compared to breast meat from anesthetized birds. Struggling before slaughter depletes muscle glycogen and less lactic acid accumulates in the muscle during post-mortem glycolysis, resulting in higher ultimate meat pH (Wood and Richards, 1975) .
Several researchers have demonstrated that a significant negative correlation exists between breast meat lightness color values and breast meat pH (Barbut, 1993; Fletcher, 1995; Allen et al., 1997) . Poultry meat with low pH has been associated with low water-holding capacity (WHC), which results in increased cook-loss and driploss (Froning et al., 1978; Barbut, 1993; Northcutt et al., 1994) . Meat with low pH has also been reported to decrease tenderness (Froning et al., 1978; Barbut, 1993) and increase shelf-life (Allen et al., 1997) .
The addition of polyphosphate to meat has been found to increase meat WHC by increasing pH (Froning, 1966; Young et al., 1992; Yang and Chen, 1993) . Combinations of sodium chloride and polyphosphate have been reported to synergistically improve moisture absorption and WHC while reducing drip-loss and cook-loss of poultry meat (Young et al., 1987) . Tumbling poultry in these solutions increased breast meat tenderness and the amount of soluble protein (Maki and Froning, 1987) ; thus enhancing the binding properties of poultry meat (Froning, 1966) .
Contrasting results have been obtained concerning the antimicrobial properties of phosphates on the Gramnegative microflora of poultry. Earlier studies have demonstrated an increase in shelf-life of chicken carcasses chilled in phosphate solutions (Elliott et al., 1964; Steinhauer and Banwart, 1964) . Elliott et al. (1964) attributed the inhibitory action of phosphates to the chelation of metal ions needed for microbial growth. More recent research, however, has been unsuccessful at establishing the relationship between the use of phosphates and reduction of Gram-negative bacteria on fresh meats (Zessin and Shelef, 1988; Harmayani et al., 1991) . Conditions, such as the type and amount of phosphate used, meat pH, ionic strength, other inhibitors, temperature, and presence of metal ions interact to influence bacterial growth rate (Tompkin, 1983) .
Although previous research has been conducted to evaluate the relationship of breast meat color to certain meat qualities (Barbut, 1993; Fletcher, 1995; Allen et al., 1997) , no study has been done to examine the functional and microbiological properties of dark-and lightcolored broiler breast fillets tumbled in a commercial marinade. The objective of this study was to determine whether breast muscle color was related to both physical properties and shelf-life of the meat, and whether these properties could be influenced by marination.
MATERIALS AND METHODS

Sample Collection and Treatment
A total of 760 light-and dark-colored boneless, skinless breast muscle filets (Pectoralis major only) were collected over a period of 12 d (replicates). Color measurements (CIE, 1978) were taken at the deboned breast packaging area of a commercial processing plant using a portable Minolta 2 colorimeter. Breast fillets chosen as being lighter than normal had lightness (L*) values greater than 50.0, whereas fillets being darker than normal had L* values less than 45.0. Color values were recorded in triplicate, and the average value was used. Samples were numbered, placed into sterile polyethylene bags, packed on ice, and transported to the laboratory.
One half of the light fillets and one half of the dark fillets were randomly selected, weighed, and vacuum tumbled for 20 min with 10% (wt/wt) of a prechilled (4 C) solution containing 3% sodium tripolyphosphate (STPP) and 7% NaCl as described by Young et al. (1996) . The remaining half of the dark and light fillets were used as controls. Control fillets were weighed and vacuumtumbled, but were not marinated. Samples were grouped according to the following treatments: 1) dark, unmarinated, 2) light, unmarinated, 3) dark, marinated, and 4) light, marinated. Groups were then placed in separate containers and held at 4 C for 18 h prior to determining post-tumble color values, cook-loss, cooked meat pH, shear determination, raw meat pH, WHC, and microbiological analyses. Four experimental groups, based on the measurements below, were replicated 3 times each, for the total 12 replications (sampling days).
Cook-Loss, Cooked Meat pH, and Shear Determination
From the four treatment groups, a total of 320 fillets were collected over 3 replicate d (120, 100, and 100, respectively) and analyzed for cook-loss. Fillets were placed on aluminum trays, cooked for 20 min at 95 C with steam, allowed to cool for 30 min, and reweighed to calculate cook-loss. From the 320 cooked fillets, 240 were selected for shear measurements, and the remaining 80 were used to determine cooked meat pH values. Shear values were determined using the Allo-Kramer shear cell on an Instron Universal Testing Machine, 3 as described by Papinaho and Fletcher (1996) . Breast meat pH values were determined using the iodoacetate method as described by Jeacocke (1977) using a Sentron pH meter. 4
Drip-Loss Analysis
A total of 120 samples, 40 from each replicate (10 per treatment), were used for drip-loss analysis. Immediately following post-tumble color and weight readings, fillets were suspended on hooks from the lid of an air-tight container as described by Northcutt et al. (1994) . Containers were stored for 3 d at 4 C and the individual fillets reweighed to determine drip-loss. Drip-loss was calculated as (weight of drip loss/initial weight of fillet) × 100.
Raw Meat pH Value and WHC Determination
A total of 80 breast fillets (40, 20, and 20 for three replicates, respectively) from the four treatment groups were analyzed for raw meat pH according to the procedures described above for cooked pH determination. After pH determination, WHC measurements were made on each fillet by grinding 5 the fillet three times through a plate with 5-mm diameter holes, weighing 4 g of homogenate into 50-mL tubes in duplicate, and centrifuging 6 for 20 min at 60,000 × g (24,500 rpm) at 5 C. Immediately following centrifugation, expressed fluid was discarded, tubes were inverted for 10 min, and the meat removed from the tube and reweighed. Expressed juice was defined as the loss in weight after centrifuging and presented as a percentage of the initial weight of the uncooked sample (Bouton et al., 1971) . Total moisture content was determined in duplicate according to AOAC procedures (AOAC, 1984) . The WHC was calculated as the fraction of water retained by the meat [1 -(expressible juice/total moisture content)].
Microbiological Analyses
A total of 240 samples, 80 from each replicate (20 per treatment), were used for microbiological determinations. Following the tumbling treatment, samples were kept at 4 C for 18 h, and individually placed into sterile polyethylene bags. Half of the fillets were sampled at Day 1, and the remaining half were stored for 7 d at 4 C. For microbiological analyses, 25 g of meat was aseptically removed from each breast muscle, added to 225 mL of sterile BactoPeptone, 7 and homogenized for 60 s. Psychrotrophic plate counts (PPC) were conducted in duplicate using Petrifilm ®8 Aerobic Count Plates and incubating at 7 C for 10 d as described by Russell (1996) . Pseudomonas fluorescens were enumerated using capacitance on the Bactometer Microbial Monitoring System M128 9 according to procedures described by Russell (1996) . Off-odor of each muscle was subjectively measured at Day 7 by a three-member panel. Each panel member opened the sample bag, sniffed the fillet, and recorded a score according to the following descriptors: 1 = "fresh chicken" or no detectable off-odor; 2 = slight odor development but still acceptable; 3 = definite off-odor indicative of spoiled chicken. The odor scores from the three panel members were averaged, and the mean was used as the score for that fillet. The pH value for each sample was determined in duplicate using the technique previously described.
The experimental design for physical measurements was a 2 × 2 factorial with color and marination treatment as dependent variables. Microbiological analysis was a 2 × 2 × 2 factorial with color, marination treatment, and day as dependant variables. Data were analyzed using the statistical analyses and General Linear Models (GLM) procedures of SAS ® (SAS Institute, 1988 ). Treatment effects were tested using residual error, or where significant by the treatment by replication interaction. Means were separated using the Duncan's multiple range test option of SAS ® (SAS Institute, 1988). Correlation coefficients for color, pH, moisture pick-up, cook-loss, shear, WHC, PPC, capacitance detection time (CDT), and odor were generated using the Pearson's Correlation Coefficient option of SAS ® (SAS Institute, 1988). The PPC were converted to log 10 colony-forming units per milliliter prior to statistical analyses. Significance is reported at the P < 0.05 level.
RESULTS AND DISCUSSION
The mean L*, a*, and b* values for the breast fillets selected as "light" (L* > 50.0) or "dark" (L* < 45.0) are presented in Table 1 . The light fillets averaged L* = 51.13, a* = 2.32, and b* = 3.71, and the dark fillets L* = 43.07, a* = 4.61, and b* = 2.07, all significantly different (P < 0.05) from each other. The selection of the visually different "light" and "dark" fillets based on L* values resulted in a clear and consistent differentiation of the two color groups over time (replications). This was important, because in an earlier study arbitrary differences in light and dark fillets, selected only upon visual differences were not constant, especially between replications (Allen et al., 1997) .
After tumbling, L* values were significantly higher and both a* and b* values were significantly lower for both light and dark marinated fillets than the respective unmarinated control fillets (Table 2 ). These data conflicted with the findings of Yang and Chen (1993) , in which lower lightness and higher redness values of broiler breast fillets were found after marination with 1 and 2% trisodium phosphate. Young et al. (1996) also reported no color changes in STPP marinated broiler breast fillets. However, Lyon and Magee (1984) reported an increase in the lightness of poultry meat presoaked in a polyphosphate solution. Poultry carcasses held in polyphosphate-treated chill water have also been described as acquiring a bluish-white appearance (Schermerhorn et al., 1963) .
Both marinated and control dark-colored fillets were found to have higher raw meat pH values than lightcolored fillets (Table 2 ). Significant negative correlations existed between L* and raw meat pH (Table 3) , which agreed with the findings of previous studies (Barbut, 1993; Yang and Chen, 1993; Fletcher, 1995; Allen et al., 1997) .
Because the pH of the marinade was 8.0, treated fillets were expected to be more alkaline than unmarinated fillets. However, no significant differences in pH were observed between treatments (Table 2) . These results differ from the findings of Young et al. (1996) , who reported an increase in breast muscle pH when marinated with the same concentrations of STPP and NaCl. This difference could be attributed to the time pH was measured after marination as well as the amount of marinade solution added to the fillets. Young et al. (1996) measured pH at approximately 1.5 h post-mortem and fillets were tumbled with a 20% solution compared to 18 h post-mortem and a 10% solution as used in this study.
As expected, marinated and tumbled fillets had higher percentages of moisture pick-up than unmarinated and tumbled fillets (Table 2) . Unmarinated fillets actually lost moisture during the tumbling and holding process. Within each marination treatment, dark muscles, with the higher pH, picked up more moisture (marinated) or lost less moisture (unmarinated) than (Table 3) . No correlation existed between percentage moisture pick-up and post-tumble L*. Drip-loss, WHC, and cook-loss were measured to obtain an overall assessment of the water binding properties of meat. Because marinated fillets had a high percentage of moisture pick-up, these fillets also exhibited higher percentages of drip-loss and cook-loss (Table 2) . Within the two treatments (marinated or unmarinated), light-colored samples had significantly higher percentages of drip-loss than dark-colored fillets. Cook-loss measurements also revealed that light-colored breast fillets lost more moisture than dark-colored samples.
Initial and tumbled L* values correlated positively with drip-loss and cook-loss (Table 3) . These data agree with the findings of Barbut (1993) , who observed a high correlation (0.70) between L* and cooking loss. In the present study, no correlation existed between raw meat pH and drip-loss or cook-loss. Other studies, however, have reported changes in drip-loss and cook-loss as being directly influenced by pH (Northcutt et al., 1994 ).
Significant differences due to color and treatment were demonstrated with water-holding measurements (drip-loss and WHC) ( Table 2 ). Because WHC measures the fraction of bound water retained in the muscle, samples with the lowest percentages of drip-loss and cook-loss exhibited the highest amount of WHC. Therefore, dark control fillets had the highest WHC followed by dark marinated fillets, light control fillets, and light marinated fillets, respectively. The WHC was found to be negatively correlated with initial and tumbled L* values (Table 3) . A positive correlation was seen between WHC and raw meat pH. These correlations are in agreement with previous findings (Froning et al., 1978; Barbut, 1993) .
Cooked meat pH was similar to raw meat pH ( Table  2 ). The increase in muscle pH after cooking has been attributed to changes of protein charge (Hamm and Deatherage, 1960) . A correlation was observed between cooked meat pH and moisture pick-up, as well as L* values (Table 3) . No correlation existed between cooked pH and percentage cook-loss. These data differ from that of Bouton et al. (1971) , who reported a linear decrease in cook-loss as the cooked meat pH of mutton increased.
No significant differences in shear measurements were observed between color groups or treatments (Table 2) . Results from this study agreed with Fletcher (1995) , who found no significant differences in shear between breast muscles of various L*, a*, and pH values, and with Young et al. (1996) , who stated that polyphosphate with NaCl had no significant effect on breast shear values. Allo-Kramer shear measurements were found to correlate positively with L* value (initial and tumbled) as well as cook-loss. Barbut (1993) also reported that L* value of poultry breast was positively correlated with cook-loss. Microbiological properties of light and dark-colored breast meat at 1 and 7 d of storage are presented in Table 4 . Results for muscle pH are similar to those reported in Table 2 . For each treatment and day of storage, light-colored samples had significantly lower pH values than dark-colored fillets. These results were supported by a significant negative correlation between L* and pH (Table 5) .
On Day 1, there were no significant differences in PPC or CDT measurements due to breast meat color or marination treatment (Table 4) . These results were expected because the initial populations of psychrotrophs, specifically P. fluorescens, should be similar regardless of meat color and any antimicrobial activity of the marinade on microbial growth should not be detected.
After 7 d of storage, PPC were significantly higher for the dark unmarinated fillets than for marinated fillets (Table 4) . Newton and Gill (1981) explained that high pH reduces the lag phase time or the time that the spoilage bacteria is preparing for growth. Other studies with poultry have demonstrated a significant correlation between psychrotrophic bacterial counts and pH, with higher counts being associated with higher muscle pH (Allen et al., 1997) . However, in this study, no correlation existed between PPC and pH ( Table 5) .
The CDT measurements were not significantly different for dark or light fillets or for marination treatment groups (Table 4 ). The CDT test enumerated only P. fluorescens spoilage bacteria based on previous research by Russell et al. (1996) , who showed that P. fluorescens is a primary spoilage organism of fresh poultry. Elliott et al. (1964) found that nonfluorescent pseudomonads were more sensitive to the chelating process of polyphosphates than were the fluorescent pseudomonads. Because CDT analysis focused only on fluorescent species, this test may not have measured the growth rates of other Pseudomonas species.
Subjective odor analysis did not follow PPC growth trends. For each treatment, darker samples had higher odor scores than light-colored fillets. These data agreed with Allen et al. (1997) , who reported that dark fillets produced objectionable odors at a faster rate than light fillets. Marinated fillets were found to have higher odor scores than respective unmarinated samples. Odor scores may have been influenced by the marinade itself, because all three panelists noticed an off-odor from the STPP marinade.
Dark broiler breast fillets, whether marinated or not, were found to have lower L* values, higher muscle pH, higher percentages of marinade pick-up, higher amounts of retained moisture, lower percentages of drip-loss, and lower percentages of cook-loss than light broiler breast fillets. Tenderness values were not affected by color or marination treatment. These results indicate that variations in broiler breast muscle color can be related to differences in meat quality properties. Marination of the muscles did not reduce these differences. Therefore, it may be advantageous for processors to separate breast fillets according to color prior to further processing.
